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A B S T R A C T   

In this work, the formation of micrometer-size crystalline monolayer (1L) MoS2 flakes with triangular shape and 
a central multilayer core is obtained by the sulfurization at 800 ◦C of pre-deposited ultrathin MoOx films 
(1.2–1.8 nm) on c-sapphire substrates. The thickness uniformity, crystalline quality, doping and strain distri
bution in the MoS2 flakes as a function of the initial MoOx thickness was evaluated by micro-Raman (μR) 
mapping. The excellent crystalline quality of the triangular 1L-MoS2 flakes was confirmed by micro- 
photoluminescence (μPL) maps, showing a very intense peak at ~1.85 eV, that decreases in the central part, 
as expected for multilayers MoS2. A biaxial strain of ~0.38–0.4% was deduced from the μPL data, in perfect 
agreement with μR results. Our results show how the sulfurization of pre-deposited MoOx films on c-sapphire 
allows, under proper conditions, to obtain 1L-MoS2 flakes with quality comparable to the one typically reported 
by the conventional chemical vapour deposition, with important implications for device applications.   

1. Introduction 

Molybdenum disulfide (MoS2) is the most investigated two- 
dimensional (2D) material of the transition metal dichalcogenides 
(TMDs) family, thanks to its abundance in nature and the high chemical/ 
mechanical stability in ambient conditions. In particular, the 2H-MoS2 
phase is characterized by semiconducting electrical properties, with a 
peculiar tunability of the bandgap as a function of the thickness, from an 
indirect bandgap (1.2 eV) in the bulk form to a direct bandgap (1.8–1.9 
eV) for monolayer (1L) MoS2 [1,2]. Such bandgap values in the visible - 
near infrared range are very interesting for a wide range of applications 
in different fields, including electronics [3], optoelectronics [4], pho
tocatalysis [5] and sensing [6]. In particular, both 1L and multilayer 
MoS2 have been employed as a channel material for field-effect tran
sistors [7] with a high on/off ratio (108) [7,8] and good mobility 
(200–400 cm2/Vs) [7,8], making them attractive to replace Si for the 
next generation ultra-scaled CMOS devices [9]. The production of large- 
area MoS2 with control in term of thickness and crystal quality repre
sents the main requirement for future applications. Currently, several 

top-down approaches, like micro-mechanical exfoliation [10,11], gold- 
assisted exfoliation [12–14], and liquid exfoliation [15], are employed 
to separate MoS2 flakes from bulk crystals. However, the lack of repro
ducibility in terms of lateral extension and thickness of the produced 
flakes make these approaches unsuitable for industrial applications in 
the field of electronics/optoelectronics. Differently, bottom-up ap
proaches like Chemical Vapour Deposition (CVD) [16], Atomic Layer 
Deposition (ALD) [17], Pulsed Laser Deposition (PLD) [18,19], and 
Molecular Beam Epitaxy (MBE) [20] are more suitable to produce MoS2 
on large area in a scalable way. In particular, CVD is the most common 
and cost-effective method used in academic laboratories to obtain MoS2 
domains with good crystal quality by reaction of the precursor vapours, 
obtained by evaporation of sulfur (S) and molybdenum trioxide (MoO3) 
powders, on the final substrate surface [21]. The process is typically 
carried out in a quartz-tube system with two heating zones, a low tem
perature one hosting the S crucible and a higher temperature one 
hosting the MoO3 crucible and the substrate [22], while an inert gas is 
used for the transport of the evaporated species to the substrate surface 
[21]. Achieving an optimal MoS2 growth by the CVD method requires 
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the control of different parameters, including the amount of the Mo and 
S precursors [23–25], the carrier gas flow [26], and the temperature 
[27]. Furthermore, the substrates play a key role in the deposition 
mechanism [28–30], since their surface properties (e.g. roughness, 
crystalline or amorphous structure) have an impact on the MoS2 do
mains nucleation and orientation. Although Si wafers coated by amor
phous SiO2 films are commonly employed as substrates for MoS2 
deposition, randomly oriented growth of MoS2 domains is typically 
obtained on their surface, ultimately resulting in the formation of grain 
boundaries after domains merging [16,31,32]. On the other hand, 
crystalline α-Al2O3 (c-sapphire) is a suitable substrate for the rotation
ally aligned epitaxial growth of MoS2, thanks to its high thermal sta
bility, atomically flat surface, and hexagonal structure with good lattice 
constants matching to MoS2 on the basal plane [33,34]. 

In the CVD process, the reaction leading to MoS2 formation mainly 
occurs in the vapour phase, and the lateral growth of 1L-MoS2 domains 
on the substrate occurs by attachment of the MoS2 molecules starting 
from nucleation sites, resulting in the formation of flakes with typical 
triangular or hexagonal geometries, depending on the Mo:S precursors 
ratio and the growth temperature [35]. The growth of MoS2 overlayers 
on the central region of the MoS2 triangular flakes can be also observed, 
depending on the precursors flows during the CVD process [36]. Despite 
the very good quality and large size (from ~1 μm to ~100 μm size) of the 
MoS2 flakes obtained by the CVD approach, several improvements are 
necessary to control the thickness uniformity and to achieve uniform 
MoS2 coverage on wafer scale [37,38]. 

An alternative approach to the above-described single-step CVD is 
the sulfurization of a thin Mo (or MoOx) film. In this method, also called 
two-step CVD growth, the first step consists in the deposition of the thin 
Mo (or MoOx) film on the substrate by a physical vapour deposition 
(PVD) technique, such as electron-beam evaporation or magnetron 
sputtering, while the second step is represented by a thermal treatment 
of the sample under sulfur flux to convert the pre-deposited film into 
MoS2 [39,40]. Also in this case, the sulfurization process is typically 
carried out in a two-zones tube furnace, where the S vapours, evapo
rated from a crucible in the low-temperature zone, are transported by 
the carrier gas to the second zone, hosting the sample coated by the Mo 
(or MoOx) film. Differently than in the single-step CVD, where MoS2 
formation already occurs by precursors reaction in the vapour phase, in 
the case of the sulfurization approach the dominant mechanism leading 
to MoS2 formation is typically represented by the vapour-solid hetero
geneous reaction between the S gas and the solid MoOx film [40]. The 
conversion of the pre-deposited film into MoS2 allows to achieve optimal 
MoS2 coverage and thickness uniformity on large areas (even on wafer 
scale), by controlling the starting pre-deposited film thickness. On the 
other hand, MoS2 layers obtained by the sulfurization approach typically 
exhibit a nanocrystalline structure, originating from the nano-grains 
morphology of PVD deposited Mo or MoOx films, which negatively af
fects the mobility of a MoS2-based device. The structure of the MoS2 
films obtained by sulfurization process has been demonstrated to be 
strongly dependent on the thickness of the starting MoOx films. In fact, 
while in the case of ultra-thin pre-deposited films S vapours directly 
react with the exposed MoOx surface, for thicker ones (> 3 nm) the 
diffusion of S atoms inside the film represents the limiting mechanism of 
the process [41]. As a result, while MoS2 layers horizontally aligned with 
the substrate are typically obtained from ultra-thin MoOx films, the 
formation of vertically standing MoS2 has been observed for thick pre- 
deposited MoOx, as this configuration allows an easier penetration of 
S atoms in the inner part of the film [42,43]. 

The sulfurization process has been demonstrated to occur on a large 
range of temperatures between 500 ◦C and 1000 ◦C [40]. Obviously, 
besides the above-discussed vapour-solid reaction, additional physical 
mechanisms become relevant in the MoS2 formation, depending on the 
temperature process and other parameters, such as the pressure, the 
local S concentration and the heating rate of the substrate [44,45]. In 
fact, considering that the sublimation temperature of MoO3 is around 

700 ◦C [40], the evaporation of MoOx from the surface becomes 
increasingly important at temperatures higher than this value, resulting 
in a competitive mechanism with the MoOx surface diffusion on the 
substrate and with the vapour-solid sulfurization reaction. 

In this work, we report on the formation of micrometer-size crys
talline 1L-MoS2 triangular flakes with a central multilayer core, ob
tained on a c-sapphire substrate by sulfurization of ultrathin sputter- 
deposited MoOx films (with thickness ranging from 1.2 and 1.8 nm) at 
a temperature of 800 ◦C. The structural, optical, and vibrational prop
erties of these MoS2 triangular flakes have been extensively investigated 
by different techniques with micro- and nanoscale resolution. Starting 
from optical microscopy and transmission electron microscopy (TEM) 
analyses, an explanation of the triangular MoS2 flakes formation 
mechanism is proposed. The thickness uniformity, strain and doping of 
MoS2 induced by the growth conditions and by the interaction with the 
substrate have been evaluated and correlated by micro-Raman spec
troscopy. The 1L-MoS2 flakes on the c-sapphire surface obtained by 
these sulfurization conditions have been shown to exhibit intense PL 
emission at ~1.85 eV, indicating a crystalline quality comparable to 
flakes produced by the conventional single-step CVD. 

2. Materials and methods 

2.1. Materials growth 

The starting MoOx films on the c-sapphire substrate were obtained by 
DC magnetron sputtering from a Mo target using a Quorum Q300-TD 
Plus equipment, followed by natural oxidation in air [46,47]. The 
thickness of these films (in the range between 1.2 and 1.8 nm) was 
evaluated by AFM step-height measurements. Afterwards, the sulfuri
zation process to convert MoOx into MoS2 was carried out in a two- 
heating zone furnace, placing the crucible with the sulfur powder 
(~130 mg) in the low-temperature zone (at 150 ◦C) and the MoOx/ 
sapphire sample in the high temperature zone (at 800 ◦C), respectively. 
A constant flux (100 sccm) of Ar carrier gas was employed to transport 
the sulfur vapour from the first to the second zone. The growth was 
carried out at a base pressure of ~4 × 10− 6 bar for 1 h. 

2.2. TEM characterization 

High resolution transmission electron microscopy (HR-TEM) and 
high angle annular dark field scanning transmission electron microscopy 
(HAADF-STEM) analyses of the MoS2 flakes on sapphire were carried out 
with an aberration-corrected Titan Themis 200 microscope by Thermo 
Fisher. To this aim, cross-sectioned samples were prepared by a focused 
ion beam (FIB). 

2.3. Vibrational and optical characterization 

Micro-Raman maps were collected by a WiTec Alpha equipment, 
using a laser excitation at 532 nm, 1.5 mW power, and 100× objective. 
Furthermore, a Horiba HR-Evolution μ-Raman system with a laser 
excitation wavelength of 532 nm (nominal maximum power 100 mW) in 
a confocal configuration (100× objective) was employed to collect both 
μRaman and μPL spectra. A grating of 1800 lines/mm was employed to 
acquire Raman spectra in a range between 150 and 650 cm− 1, while a 
grating of 600 lines/mm was employed to acquire the μ-PL spectra in a 
range between 10 and 5500 cm− 1. In both the configurations, the laser 
power was filtered with a neutral density filter at 1%. 

3. Results and discussion 

3.1. Structure of MoS2 flakes and growth mechanisms 

Fig. 1 reports a representative optical image of MoS2 flakes obtained 
by the 800 ◦C sulfurization of the thin MoOx films on sapphire. These 
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flakes typically exhibit triangular shapes with a lateral size of around 
3–5 μm, and, in some cases, irregular and stars-shaped flakes, resulting 
from the coalescence of adjacent smaller triangles. A small core region 
with a different optical contrast can be typically observed at the centre 
of the flakes, suggesting the presence of a different number of layers in 
the core with respect to the surrounding part of the triangle. As dis
cussed more in depth later on in this paper, these core regions corre
spond to few layers MoS2 islands formed at the beginning of the 
sulfurization process. These islands worked as nucleation centres for the 
lateral growth of the MoS2 flakes, occurring by diffusion of MoOx species 
on the sapphire surface, their attachment to the original nuclei and 
conversion to MoS2 by the sulfurization reaction. In this respect, the 
lateral size of the flakes is limited by the loss of MoOx from the surface, 
due to the competing evaporation phenomena. 

Further information on the crystalline quality and thickness unifor
mity of the triangular flakes are obtained by Raman spectroscopy. A 
typical Raman spectrum of the MoS2 on c-sapphire is reported in Fig. 2 
(a), where the in-plane (E2g), the out-of-plane (A1g) and the second- 
order longitudinal acoustic (2LA(M)) modes exhibit much higher in
tensity with respect to the vibrational mode of the c-sapphire substrate, 
whose position is indicated by the blue arrow. Noteworthy, the first- 
order longitudinal peak (LA(M)) in the region between 100 and 300 

Fig. 1. Representative optical image of the MoS2 samples obtained by sulfu
rization of MoOx films at 800 ◦C. 

Fig. 2. (a) Typical Raman spectrum of MoS2 
on c-sapphire showing the typical E2g, A1g 
and 2LA(M) peaks. (b) Optical images of the 
MoS2 flakes obtained from the thinner (bot
tom image) and thicker (upper image) MoOx 
starting deposited films. The red area in
dicates the core of the flakes, while the black 
area indicates its base. (c) Corresponding 
Raman spectra of the center (red lines) and 
the base (black lines) of the MoS2 obtained 
from the thinner (bottom spectra) and 
thicker (upper spectra, arbitrarily vertically 
shifted) MoOx starting films.   
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cm− 1, typically associated with the presence of defects [48], is absent in 
these spectra, indicating a good crystal quality of the MoS2 flakes ob
tained in these growth conditions. 

In addition, both the E2g and A1g peaks show a very low Full Width at 
Half Maximum (FWHM, in a range between 2.4 and 3.6 cm− 1) and high 
E2g/A1g intensity ratios (0.5–0.7) comparable to those revealed in me
chanical exfoliated and single-step CVD growth flakes, providing a 
further confirmation of the very good MoS2 crystal quality [49]. The 
optical images reported in Fig. 2(b) are two examples of MoS2 flakes 
resulting from the sulfurization of MoOx films with ~1.2 nm (bottom 
image) and ~ 1.8 nm (upper image) thickness. 

Fig. 2(c) shows the comparison of Raman spectra collected in the 
central region (red lines) and in the outer region (black line) of the 
triangular flakes for the two samples. For a better comparison, all the 
spectra were normalized with respect to the A1g peak intensity. The E2g 
and A1g peaks were fitted by Gaussian functions and the extracted in
formation have been summarized in Table 1. 

For both samples, the E2g peaks are at the same frequency in all the 
regions, whereas the separation (Δω = ωА1g -ωЕ2g) between the two 
peaks’ frequencies is higher in the central core (red spectra) compared to 
the remaining part of the flakes (black spectra), consistently with a 
larger MoS2 thickness in the core region. Noteworthy, the same value of 
Δω ~ 20.5 cm− 1, consistent with 1L-MoS2 thickness [14], was obtained 
in the triangular region of the flakes. Differently, we estimated a Δω ~ 
22.4 cm− 1 and ~ 24.1 cm− 1 in the central regions of the flakes obtained 
from the thinner and thicker MoOx films, corresponding to 2L/3L and 
multilayer MoS2 thickness, respectively. 

Hence, Raman analyses showed that the thinner triangular region of 
the flakes consists of 1L-MoS2, independently of the initial MoOx 
thickness, whereas the central core regions are thicker for the sample 
with the thicker initial MoOx thickness. 

To better understand the structure of the MoS2 triangular domains, 
cross-sectional TEM analyses have been performed close to the central 
part of the flakes, as shown in Fig. 3(a). This image confirms that the 
core is composed by few layers MoS2, which becomes thinner until 
reaching 1L-MoS2 thickness in the remaining part of the flake. The 
STEM-HAADF image in Fig. 3(b) allowed to precisely evaluate the 
number of MoS2 layers in the core region (i.e. 3L-MoS2), by direct 
visualization of the high Z-contrast Mo atoms (bright layers) and the 
lower Z-contrast of Al atoms of the c-sapphire substrate. The insert of 
Fig. 3(a) is a high magnification view of the boundary between the core 
and the thin region of the flake. The configuration of the layers, sche
matically illustrated in Fig. 3(c) and (d), provides interesting insights on 
the formation mechanisms of the flakes during the used sulfur annealing 
process, suggesting that the thin flake region is formed starting from a 
pre-existing few-layers MoS2 core. Such a scenario is different from the 
one observed during the single-step CVD, where the formation of over
layers in the central region occurs after the formation of the 1L-MoS2 
flake. 

Hence, basing on these observations, different competing phenom
ena can be considered to explain the formation of the triangular MoS2 
flakes during the sulfur annealing process at 800 ◦C. Starting from the 
uniform pre-deposited MoOx film, diffusion of MoOx species on the 

sapphire surface and their partial evaporation are probabily the main 
mechanisms before the reaction with the incoming S vapours. Clusteri
zation of diffusing MoOx is expected to occur at several positions on the 
substrate, leading to the formation MoOx islands, which are converted 
into the multilayer MoS2 cores by reaction with the incoming S vapours. 
These core structures represent the nucleation centers for the lateral 
growth of 1L-MoS2 flakes, by attachement of diffusing MoOx and solid- 
vapour reaction with S. The occurrence of vapour phase reaction be
tween part of the evaporated MoOx and incoming S close to the sample 
surface cannot be excluded as an additional formation mechanism of 
MoS2 molecules attaching to the growing triangular flakes. 

3.2. Thickness homogeneity, strain, and doping evaluation of MoS2 flakes 

After these preliminary analyses, we carried out different Raman 
maps on the two samples with the aim of extract further information 
related to the thickness homogeneity, strain and doping effects. The 
MoS2 flakes appear in both cases composed by a central nucleus with 
high values of Δω (higher than 21.5 cm− 1) corresponding to multilayers, 

Table 1 
Raman peaks information extracted from Gaussian fits of the two samples in the core and triangular part of the MoS2 flakes. The error in each reported data is one digit 
in the least significant number.   

Starting MoOx thickness E2g (cm− 1) FWHM E2g (cm− 1) A1g (cm− 1) FWHM A1g (cm− 1) Δω (cm− 1) Intensity ratio (a.u.) 

Triangle 1.2 nm 385.0 2.6 405.5 3.1 20.5 0.6 
Center 1.2 nm 385.1 2.4 407.5 3.1 22.4 0.7    

Starting MoOx thickness E2g (cm− 1) FWHM E2g (cm− 1) A1g (cm− 1) FWHM A1g (cm− 1) Δω (cm− 1) Intensity ratio (a.u.) 

Triangle 1.8 nm 385.1 2.8 405.6 3.6 20.6 0.5 
Center 1.8 nm 385.2 2.8 409.3 2.8 24.1 0.5  

Fig. 3. (a) TEM image of the MoS2 sample showing the presence of a central 
core and a thinner edge. (b) High magnification of the MoS2 core of Fig. 3(a) in 
STEM-HAADF mode, showing three layers of MoS2 on c-sapphire. (c) Scheme of 
the triangular-shaped MoS2 flakes and its composition in the in-plane and (d) in 
the cross-section direction. 
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as shown in Fig. 4(a,d). Δω decreases moving away from the central part 
(red, yellow and green region) and approaching to the base of the flakes 
(light blue and blue region), where a minimum value of 18 cm− 1 is 
observed, matching with a 1L-MoS2. In this sense, the structure of the 
flakes illustrated in Fig. 3(d) is confirmed, and it is more visible in Fig. 4 
(a). Thus, the MoS2 flakes figure like a monolayer base laterally 
extended few tens of micrometres with a smaller central nucleus 
composed by few layers of MoS2. The black background in the Δω maps 
is due to the absence of MoS2 Raman signals around the triangular 
flakes. The Δω distributions in Fig. 4(c,f) appear mainly centred in the 
region between 18 and 21.5 cm− 1, corresponding to a monolayer 
(underlined by the blue rectangles), and further bumps are visible for 
Δω > 21.5 cm− 1, associated to the multilayers component in the central 
part of the flakes. Behind the evaluation of the MoS2 thickness, Raman 
peaks can give further information about the strain and doping effects 
induced by the growth conditions and the interaction with the substrate 
[14,50,51]. For this purpose, we will focus the attention only on the 
effects induced on the 1L-MoS2, removing the multilayer part as shown 
in Fig. 4(b,e). The correlation between the MoS2 vibrational modes and 
the strain and doping parameters is expressed by the following equation: 

ωm = ω0
m − 2γmω0

mε+ kmn (1)  

where ωm represent the experimental positions for each vibrational 
modes (m = E2g, A1g), while ωm

0 terms are the reference positions for 
each mode in the unstrained and undoped 1L-MoS2 configuration. To 
this aim, the literature values of the Raman peaks for a 1L-MoS2 sus
pended (ωE2g= 385 cm− 1 and ωA1g= 405 cm− 1) have been chosen as the 
best approximation for the ideal unstrained and undoped set [52]. 
Finally, γm and km represent the Grüneisen parameters and the shift-rate 

of the Raman peaks as a function of the electron density (n) of the 1L- 
MoS2, respectively [14,52,53,54]. 

The corresponding strain and doping maps of the previous reported 
Δω maps of Fig. 4(b,e) are reported in Fig. 5(a,e) and Fig. 5(c,g) 
respectively. The strain maps of the two samples showed local variation 
in a range between − 1 %  < ε < 1 %, demonstrated by the slight colour 
change. The corresponding strain distribution of the 1L-MoS2 sample 
obtained from the thinner MoOx film (~1.2 nm), reported in Fig. 5(b), is 
peaked near the ideal value of the suspended 1L-MoS2 membrane, but 
showed a compressive strain with a mean value of εcomp≈ 0.13 ± 0.23 %. 
In contrast to this, the sample obtained from the thicker MoOx film 
(~1.8 nm) appeared more stressed and subjected to a mean compression 
of εcomp≈ 0.39 ± 0.24%, as shown in Fig. 5(f). Differently from the 
previous evaluation, the inhomogeneity of the carrier concentration in 
the two samples is just appreciable by the corresponding doping maps, 
whose colour variations appear very pronounced. Interestingly, there is 
a parallelism between the previous variation of Δω in Fig. 4(b) and that 
of doping in Fig. 5(c). In fact, approaching to the center of the sample, 
the variation of the doping matches perfectly with the previous Δω 
change, but that is not observed in the corresponding strain map in Fig. 5 
(a). Thus, the Δω variation can be associated mainly to a doping effect 
rather than strain effect on the thin MoS2 flake. To do a better evaluation 
of the doping levels, the doping distributions of the two samples are 
reported in Fig. 5(d,h). The histogram reported in Fig. 5(d) exhibited a 
doping ranging from − 1.5 × 1013 cm− 2 < n < 2.5 × 1013 cm− 2, with a 
pronounced peak in the n-type region (orange rectangle) with a mean 
value of n≈ (0.33 ± 0.61) × 1013 cm− 2. This value is in good agreement 
with the n-type doping derived in 1L-MoS2 supported by insulating 
substrates (obtained by mechanical exfoliation or CVD) [55–58]. Simi
larly, the MoS2 sample obtained from the thicker MoOx film (~1.8 nm) 

Fig. 4. (a) Raman map of the difference between the two MoS2 vibrational modes (Δω = ωA1g-ωE2g) of the sample obtained from 1.2 nm of MoOx. (b) Same Raman 
map of Fig. 4(a) in which the thicker parts of the flakes (Δω > 21.5 cm− 1) are removed. (c) Corresponding histogram of Δω for the Raman map in Fig. 4(a), in which 
the blue area indicated the only part considered in Fig. 4(b). (d) Raman map of the difference between the two MoS2 vibrational modes (Δω = ωA1g-ωE2g) of the 
sample obtained from 1.8 nm of MoOx. (e) Same Raman map of Fig. 4(d) in which the thicker parts of the flakes (Δω > 21.5 cm− 1) are removed. (f) Corresponding 
histogram of Δω for the Raman map in Fig. 4(d), in which the blue area indicated the part considered in Fig. 4(e). 
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showed a doping distributed in the same range, but the single peak is 
very near the ideal undoped condition. This effect is translated in a 
lower mean n-type doping value of n≈ (0.08 ± 0.69) × 1013 cm− 2. 

The optical properties of the two samples were analysed by μ-Pho
toluminescence spectroscopy. The 1L-MoS2 (base of the triangle) 
showed the more intense peak centred at around 1.85 eV in both sam
ples, as represented by the black spectra in Fig. 6(a-b). By contrast, the 
MoS2 sample obtained from the thinner MoOx film central part showed a 
decrease of the PL intensity, as shown in Fig. 6(a), while the other one 
undergoes a total quenching, as represented by the red curve in Fig. 6(b). 
These two different effects are in perfect agreement with the previous 
Raman results, because the first sample showed a Δω ≈ 22.4 cm− 1 

comparable with few-layers MoS2, in which the band structure has some 
variations but there is not yet a complete transition to an indirect band 
gap, as that in the bulk form for the second sample (Δω ≈ 24.1 cm− 1). 
For both samples a statistical analysis has been carried out, from which 
were extracted the mean values of the PL peaks, as shown in Fig. 6(c), 
exhibiting a perfect matching in the two cases (xPL1≈1.84 ± 0.02 eV and 
xPL2≈1.85 ± 0.01 eV). Finally, supposing the suspended 1L-MoS2 as the 
closest condition to the ideal unstrained and undoped 1L-MoS2, it was 
possible to extract the corresponding biaxial strain considering an 
experimental and a theoretical PL shift rate as a function of the strain of 
about − 99 meV/% and − 105 meV/%, respectively [52,59]. From our 
PL experimental results, we deducted a biaxial strain of around 0.4% 

Fig. 5. Corresponding strain maps on the MoS2 samples obtained from (a) MoOx of 1.2 nm and (e) 1.8 nm from Fig. 4(b-e). Histogram distribution of strain of the 
MoS2 samples obtained from (b) MoOx of 1.2 nm and (f) 1.8 nm. Corresponding doping maps on the MoS2 samples obtained from (c) MoOx of 1.2 nm and (g) 1.8 nm 
from Fig. 4(b-e). Histogram distribution of doping of the MoS2 samples obtained from (d) MoOx of 1.2 nm and 1.8 nm (h). 

Fig. 6. (a) Photoluminescence spectra of the MoS2 triangle (black line) and center (red line) obtained from 1.2 nm MoOx film. (b) Photoluminescence spectra of the 
MoS2 triangle (black line) and center (red line) obtained from 1.8 nm MoOx film. (c) Statistical distribution of the PL peaks in both the samples. 
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and 0.38% that are in perfect agreement with the strain values extrap
olated from the previous Raman measurements. 

4. Conclusion 

We have demonstrated the formation of micrometer-size crystalline 
monolayer (1L) MoS2 flakes with triangular shape and a central multi
layer core by the sulfurization at 800 ◦C of pre-deposited ultrathin MoOx 
films (1.2–1.8 nm) on c-sapphire substrates. Both μ-Raman and TEM/ 
STEM analysis confirmed the formation of the thicker central core 
supported by micrometer-extended triangular 1L-MoS2. The different 
starting MoOx films appear to mainly influence the core thickness, 
showing the presence of ~3L- and multilayers MoS2 from 1.2 nm and 
1.8 nm MoOx, respectively. These MoS2 flakes showed an excellent 
crystalline quality comparable with those obtained from single-step CVD 
approach, as demonstrated by μ-Raman (small FWHM of the Raman 
peaks) and μ-PL characterizations (high intensity peak centred at 1.85 
eV). Based on these evaluations, different competitive phenomena are 
expected to occur in order to achieve MoS2 flakes from the MoOx films at 
these growth conditions. Raman mapping was exploited to evaluate the 
thickness uniformity, the strain and doping effects of the two samples. In 
particular, the MoS2 flakes obtained from the thinner MoOx film (1.2 
nm) appear near the ideal strain of the suspended MoS2 membrane (0.13 
± 0.23%) and with a n-type doping of (0.33 ± 0.61) × 1013 cm− 2. 
Differently, the MoS2 flakes obtained from the thicker MoOx film (1.8 
nm) appear subjected to a biaxial compressive strain of 0.39 ± 0.24%, 
but with a n-type doping near the ideal condition of the suspended MoS2 
membrane ((0.08 ± 0.69) × 1013 cm− 2). μ-PL showed the typical 
decrease of the PL intensity as a function of the thickness, reaching a 
total quenching for the multilayers MoS2. Finally, from μ-PL results, a 
biaxial strain of 0.38–0.4%, was deducted in perfect agreement with the 
previous Raman results. 

The sulfurization of sputter-deposited MoOx films is a facile process, 
highly compatible with the semiconductor devices fabrication flow. 
Hence, the demonstrated possibility of obtaining high crystalline quality 
MoS2 on sapphire by this approach offers significant advantages in the 
perspective of wafer scale MoS2 integration for microelectronics and 
optoelectronics, e.g. ultra-thin channel transistors and photodetectors. 
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